Fire is a major form of disturbance in terrestrial ecosystems, mainly in tropical savannas. In these ecosystems, the effects of large wildfires are potentially high on small and relatively less mobile animals, like small mammals. We investigated the effects of an extensive wildfire (≈ 6,240 ha) in September 2011 on populations of 2 arborealscansorial small mammals-the gracile mouse opossum, Gracilinanus agilis, and the long-tailed climbing mouse, Rhipidomys macrurus-in 4 savanna woodland patches (1 burned, 3 unburned) of the highly threatened Brazilian Cerrado. We assessed population densities from 2009 to 2013 and for G. agilis, we estimated apparent survival and recapture probabilities with Cormack-Jolly-Seber models. Both species showed strong, negative fire responses, including sudden collapse and slow recovery (at least more than 1 year). These observed responses were probably a consequence of both the phytophysiognomic features of the habitat and severity of the fire with the resulting changes on the vertical structure of vegetation. The studied species of Cerrado forested formations were not as resilient to fire disturbance as typical species from savanna or temperate woodlands. As a consequence of human activities and climate changes, fire events are predicted to become larger and more frequent in the Brazilian Cerrado. Therefore, it is imperative to create new management strategies to protect forested physiognomies from fire, especially cerradão, which is very fire sensitive and has a limited and scattered distribution in the landscape.
Fire is a major form of disturbance, directly and indirectly affecting the structure and species composition of several terrestrial ecosystems, mainly in tropical savannas (Bond and Van Wilgen 1996; Moreira 2000; McKenzie et al. 2011 ). Although fire is a frequent disturbance in tropical savannas, not all formations are fire-adapted (e.g., Moreira 2000; Hoffmann and Moreira 2002; Hoffmann and Solbrig 2003) . Among these formations, dry forests and woodlands stand out from other habitats by their discontinuous distribution on the landscape and their distinctive floral and faunal compositions (e.g., Ratter et al. 1997; Mittermeier et al. 1998; Moreira 2000; Hoffmann and Moreira 2002; Pennington et al. 2009; Russell-Smith et al. 2012) . Furthermore, dry forests and woodlands may contribute to savanna ecology and biodiversity conservation as refuges for fire-sensitive species (Henriques et al. 2000; Radford et al. 2013) . Despite the ecological importance, these formations are among the most threatened habitats in tropical savannas due to their restricted geographic distribution (Jansen 1988; Bullock et al. 1995; Ratter et al. 1997; Hoekstra et al. 2004; Pennington et al. 2009; Portillo-Quintero and Sánchez-Azofeifa 2010) and the increase of frequency and severity of fires caused by human activities and climate changes (Ratter et al. 1997; Cary and Banks 2000; Hoffmann and Moreira 2002; Miller et al. 2008; Turner et al. 2010) .
Several models of climate change predict an increase in frequency of extensive (≥ 400 ha- Eidenshink et al. 2007) and severe wildfires in different biomes (e.g., Cary and Banks 2000; Westerling et al. 2006; Miller et al. 2008; Pechony and Shindell 2010; Turner et al. 2010) , mostly in tropical savannas and similar ecosystems in the late dry season (Russell-Smith et al. 2003 ; Legge et al. 2008) . In some ecosystems, such as dry forest types of southern and western United States (e.g., Schoennagel et al. 2004; Donovan and Brown 2007) and grassland formations in Brazilian savanna (Nia and Pivello 2000) , the increase in frequency of extensive wildfires is related to fire exclusion policies. In general terms, fire survival of plants and animals is dependent on fire intensity (e.g., Furley 1999; Hoffmann and Solbrig 2003; Legge et al. 2008) . Because of that, in order to understand the long-term ecological consequences of changes in fire regime, we need information on how species respond to these extensive disturbances (Bowman et al. 2009; Banks et al. 2011a) .
Despite a large number of published studies about fire effects on small mammals in several seasonal ecosystems (e.g., Lawrence 1966; Carling et al. 1982; Friend 1993; Vieira 1999; Lee and Tietje 2005; Banks et al. 2011b; Jira et al. 2013; Vieira and Briani 2013) , data on extensive fire effects on small mammals in woodlands are scarce and restricted mainly to Australia (e.g., Legge et al. 2008; Banks et al. 2011b; Lindenmayer et al. 2013) , in addition to a few studies in North America (Vamstad and Rotenberry 2010; Brehme et al. 2011) , and one in the Mediterranean region (Sarà et al. 2006 ). This type of fire is unpredictable and very difficult to reproduce in controlled experiments with adequate replication (Legge et al. 2008) . Moreover, extensive fires are extreme and nonfrequent events that cause strong impacts on small mammal populations (Lacy and Clark 1990; Catling 1991; Legge et al. 2008) . These events can result in abrupt reduction in animal abundance (Clark 1989 ) and cause extensive changes in habitat structure, with implications for population and community dynamics (Banks et al. 2011b; Lindenmayer et al. 2013) . The abundance and spatial distribution of refugia and survivors are key factors in subsequent population recovery (Turner et al. 1998; Franklin et al. 2000; Banks et al. 2011a) .
Similar to what occurs in other tropical savannas, fire is a common event in the Brazilian savanna, the Cerrado (Miranda et al. 2002) . This biome is the largest (about 2 million km 2 ) and possibly the most threatened tropical savanna in the world, mainly due to human activities (Klink and Machado 2005) , which have resulted in the expansion of burned areas (Prins and Menzel 1994) . Indeed, it is classified as one of the global biodiversity hotspots (Myers et al. 2000) because of high levels of plant endemism, habitat loss, and fragmentation (Klink and Machado 2005) . Its high biological diversity is related to the high habitat heterogeneity, as the Cerrado is composed of a mosaic of phytophysiognomies ranging from open grassland ("campo limpo"), to typical savanna (cerrado sensu stricto [s.s.]) and savanna woodland ("cerradão"), crossed by forest formations (mainly gallery forests -Eiten 1972) .
Cerrado fires are more frequent in grassland and typical savanna formations (intervals of 1-5 years) and less common in woodland formations (Miranda et al. 2002) . In this biome, fire tends to reduce the woody plant cover, decreasing plant density and richness through its impact on survival and growth (Moreira 2000; Hoffmann and Moreira 2002; Miranda et al. 2002; Hoffmann and Solbrig 2003) . This effect is more intense in closed physiognomies such as cerradão, a woodland formation (Oliveira-Filho and Ratter 2002) , because their canopy and understory layers are generally composed of fire-sensitive species typical of forest formations (Moreira 2000; Hoffmann and Moreira 2002; Oliveira-Filho and Ratter 2002) . The cerradão is one of the most threatened habitat types in the Cerrado due to its restricted geographic distribution in natural patches (about 1% of the Cerrado- Ratter et al. 1997) ; its soil, preferred for agriculture; and its sensitivity to frequent fires (Ratter et al. 1997; Hoffmann and Moreira 2002) .
Most studies about fire effects on small mammals in the Cerrado have focused on changes in the structure and composition of communities in open formations after controlled or small-scale fires (e.g., Vieira and Marinho-Filho 1998; Vieira 1999; Vieira and Briani 2013) . Fire responses of small mammals in the Cerrado are driven by changes in habitat features, since reduction of woody plant cover may favor the invasion of terrestrial small mammal species from open areas, and a reduction in the abundance and richness of scansorial and arboreal species (Henriques et al. 2000; Briani et al. 2004) . Only a few short-term studies (< 2 years) have evaluated the effects of fire on the dynamics of small mammal populations in the Cerrado (Vieira 1999; Henriques et al. 2000) . These studies indicate only short-term fire effects on these animals: the main dominant species before fire returned to their pre-fire population patterns in a short-time period (6 months or less) after burning (Vieira 1999) .
During a long-term study on small mammal ecology that started in 2009 in 4 cerradão patches (see Camargo et al. 2013 ), a severe natural fire event completely burned an area of about 6,240 ha in September 2011. The burned area included one of our studied patches, which had been protected from fire for about 40 years (Moreira 2000) . This extensive fire event and the existence of a continuous study of small mammal population dynamics in both burned and unburned patches of similar vegetation characteristics represented a rare opportunity for the evaluation of the effects of extensive fire on population dynamics of small mammals in a neotropical savanna. In this study, we investigated direct and indirect fire effects on the population dynamics of the 2 most common small mammals in patches of cerradão. These mammals were the gracile mouse opossum, Gracilinanus agilis, and the long-tailed climbing mouse, Rhipidomys macrurus. We expected that the occurrence of extensive fire in this landscape would negatively affect these populations in an isolated patch of cerradão due to the direct effect of fire and also to profound changes in habitat structure. The fire's effects on the populations of these species are predicted to be more intense than on species from more open Cerrado physiognomies (i.e., grassland and savanna habitats).
Materials and Methods
Species studied.-The gracile mouse opossum is a small (20-45 g), scansorial, insectivorous-omnivorous, solitary, nocturnal didelphid marsupial (Emmons and Feer 1997; Gardner 2008; Camargo et al. 2013) . This species has the widest geographic distribution in the genus, occurring in dry and gallery forests in central Brazil, eastern Peru, eastern Bolivia, Paraguay, Uruguay, and northern Argentina (Gardner 2008) . The other species studied, the long-tailed climbing mouse, is a small (about 60 g), arboreal, frugivorous-omnivorous, and nocturnal cricetid rodent (Emmons and Feer 1997) . It is endemic to Brazil and occurs only in forested physiognomies of Cerrado and Caatinga biomes (Bonvicino et al. 2008 ).
Study area.-As part of a long-term project on small mammal ecology in patches of cerradão (savanna woodland) in central Brazil, we monitored small mammal populations in 4 patches of cerradão from October 2009 to March 2013, in 2 contiguous protected areas: Estação Ecológica do Jardim Botânico de Brasília (EEJBB) and Fazenda Água Limpa (FAL). These reserves are located 25 km SW of Brasília, Federal District (Fig. 1) , and together cover about 8,800 ha of typical core area of Cerrado vegetation.
Three of the 4 sampled patches were located in EEJBB (JB1 = 23.83 ha, 15°56′49.0″S, 47°56′42.8″W; JB2 = 27.33 ha, 15°55′25.6″S, 47°49′59.3″W; and JB3 = 4.32 ha, 15°56′23.8″S, 47°51′20.1″W) and the 4th in FAL (FAL = 7.53 ha, 15°55′32.8″S, 47°49′58.4″W). Distances between patches ranged from 3.0 to 15.5 km (Fig. 1) .
The climate is tropical and markedly seasonal ("AW" Köppen [1948] continental climate) with a dry season between April and September (Eiten 1972) . The average annual rainfall recorded over 25 years (from 1980 to 2004) is 1,440 mm, with an average annual temperature of 22.1°C (data from the meteorological station RECOR/IBGE).
Fire event.
-A severe fire event occurred in September 2011, burning about 50% of FAL and 60% of EEJBB over a 3-day period, resulting in a burned area of about 6,240 ha (data from the Brasília Fire Dept.; Fig. 1 ). As a consequence of the fire severity, patch JB3, protected from fire since 1972 (Moreira 2000) , was totally burned, as well as most of the gallery forests in these reserves.
Despite the limitations posed by the lack of replication of burned patches, as is the case for natural studies involving unpredicted disturbances (e.g., Fox 1982; Ojeda 1989; Vieira and Marinho-Filho 1998; Isaac et al. 2007) , the extensive fire event in 2011 and the continuous study of population dynamics of small mammals that had taken place since 2009 allowed the evaluation of fire effects on the populations of G. agilis and R. macrurus. Thus, we were able to contrast pre-and postfire effects in one patch (a "before-and-after" approach-see Whelan 1995 ) and also to compare the observed patterns of the burned patch with those of 3 unburned control patches sampled simultaneously.
Trapping procedures.-We conducted the study in 2 phases. The first phase was from September 2009 to February 2011, when we established a trapping grid in each of the 4 sampling areas. In 3 of them (JB1, JB2, and FAL), the grid was composed of 144 (12 × 12) capture stations spaced at 15-m intervals, covering 2.72 ha. The 4th one (JB3), which was the grid in the burned patch, had a distinct configuration (9 × 12 capture stations) due to its elongated shape. The number of trapping stations and distance between stations in this later grid, however, were identical to those of the other 3 trapping grids. During this phase, we conducted 8 capture sessions in JB1, JB2, and FAL and 6 capture sessions in JB3, with intervals of 1-3 months between sessions. A capture session consisted of 6 consecutive nights with 160 Sherman live traps (H.B. Sherman Traps, Tallahassee, Florida; 80 placed on the ground and 80 in the understory [1.5-2.5 m]) in randomly selected capture stations. The 2nd phase of the study was from March 2011 to May 2013; when we changed the grid formation to 9 × 9 capture stations spaced at 15-m intervals (1.44 ha total area covered) for all sampled patches except JB3. In each of these patches, we placed 162 Sherman live traps per session, evenly distributed on the ground and in the understory. We conducted 6 capture sessions in these patches. In the JB3 patch, we maintained the similar grid configuration as in the previous phase, with 2 live traps (on the ground and in the understory) also in alternate capture stations. In this patch, we conducted a capture session 1 week after the fire and 6 more sessions by the end of the study period, totaling 7 post-fire capture sessions. Despite the differences in total grid areas, the sampling effort was similar in all patches over time (about 960 trap nights [1st phase] and about 972 trap nights [2nd phase] per capture session), with 14 capture sessions in JB1, JB2, and FAL and 13 in JB3, totaling 53,100 trap nights.
Traps were checked daily in the morning, baited with a mixture of peanut butter, vanilla essence, maize flour, cod liver oil, and banana. Captured animals were identified, weighed, sexed, ear-tagged (model 1005-1; National Band and Tag, Newport, Kentucky), and released at the point of capture. All field methods were consistent with the animal care guidelines of the American Society of Mammalogists (Sikes et al. 2011) and were approved by Ethics Committee on Animal Experiments of the Universidade de Brasília. Habitat structure.-We described the habitat structure of each patch in 3 time periods-before fire, the 1st year after fire, and after this 1st year-based on 9 microhabitat variables that could potentially influence the occurrence of the small mammals. For the burned patch (JB3), we conducted an additional period of measurements soon after the fire (7 days). In each period, for each patch, we measured the microhabitat variables in half of the capture stations, sampled alternately. For these measurements, we considered each station as a sampling point, which was divided into 4 quadrants. For each quadrant, we measured the following microhabitat characteristics: 1) number of fallen logs within 5 m of each sampling point (LOGS); 2) understory obstruction (UNDE) at 1.5 m height, estimated with the aid of a polyvinyl chloride (PVC) square of 0.25 m 2 (0.50 × 0.50 m), which was divided into 50 open squares with a nylon mesh (see detailed description in Freitas et al. 2002) ; 3) herbaceous obstruction (HERB), also measured with the aid of a PVC square of 0.25 m 2 (Freitas et al. 2002) ; 4) percentage of canopy cover (CANO), measured using a concave densiometer placed at 1.5 m height (Lemmon 1956 ); 5) canopy connectivity (CONE-adapted from Freitas et al. 2002) ; 6) litter depth (LITT), measured with a measuring tape to the nearest cm; 7) diameter at breast height (dbh) of the nearest tree (TDIM); 8) distance to the nearest tree (TDIS) with dbh > 16 cm; and 9) height of the nearest tree (THEG) with dbh > 16 cm. All variables expressed in percentages were arcsinetransformed for analyses (Zar 1999) .
Data analysis.-To evaluate the temporal variation in abundance of G. agilis and R. macrurus on each patch throughout the study period, we estimated the abundance of each species for each capture session, based on the Minimum Number of Animals Known to be Alive (MNKA- Krebs 1966) . For direct comparisons between phases, we divided the MNKA obtained by the total area of the grid, thus expressing the abundance values as a "raw" density (not corrected by the effective trapping area) of individuals/ha.
We estimated apparent survival (ф) and recapture rates (p) of G. agilis populations from each patch with the program MARK 7.1 under the Cormack-JollySeber (CJS) model. In this model, as in all open-population models, survival can only be estimated as apparent survival, since permanent emigration from the sampling area cannot be separated from mortality (Lebreton et al. 1992) . For each area, we ran 16 candidate models based on the global model with full variation in time (ф time p time ). We included models with the effect of fire (considering 3 periods: before fire, the 1st year after fire, and after this 1st-year period), and seasonal variation (dry and wet seasons) on apparent survival (ф) and recapture rates (p), both as temporal constraints. We excluded from this analysis the only individual captured soon after fire, an injured adult female (ears and tail burned) of G. agilis, to avoid biases on φ and p estimations (as in Previtali et al. 2010) . The postfire survival estimates of G. agilis without the exclusion of this likely trap-prone individual could be inflated by the sensitivity of CJS models to this single animal captured (Amstrup et al. 2005 ). For R. macrurus, we could not estimate these population parameters, because we did not have a sufficient number of recaptures between capture sessions.
Model performance was compared using Akaike's Information Criterion adjusted for small sample size-AIC c (Burnham and Anderson 2002 ). Prior to model selection, we evaluated data dispersion by a comparison between mean deviance from a parametric bootstrap procedure (goodness-of-fit) based on 1,000 simulations, and the deviance of the global model, which also gave an estimate of the overdispersion parameter. The variance inflation factor (ĉ) can be used to adjust the fit of the global and all other models in the candidate model set, correcting for overdispersion in case of evidence of lack of fit (Lebreton et al. 1992; White et al. 2001; Cooch and White 2008) . As several models showed similar plausible values of ΔAIC and AIC weight, parameter estimates were obtained from an average value weighted by the evidence of each model (Burnham and Anderson 2002) .
We performed a principal component (PC) analysis on the average of the measured habitat variables for each sampling period of each patch to describe changes in the habitat structure of these patches over time in relation to the fire. For this analysis, we used the PAST 3.01 software (Hammer et al. 2001) .
Results
We captured a total of 14 species (3 marsupials and 11 rodents; Appendix I). Population densities.-We observed for G. agilis a seasonal pattern of variation in population size with a marked decrease of populations at the end of the dry-cool season (September to October; Fig. 2 ). Before the fire, mean population density ± SD was 11.19 ± 6.15 individuals/ha (JB1), 12.25 ± 6.79 (JB2), 12.01 ± 5.13 (FAL), and 6.91 ± 3.04 (JB3). After the fire, population densities in unburned patches were 14.06 ± 6.32 (JB1), 10.59 ± 3.86 (JB2), and 11.11 ± 5.53 (FAL), whereas in the burned patch (JB3), mean density dropped to 0.42 ± 0.50 individuals/ha (Fig. 2) .
In contrast with G. agilis, population densities of R. macrurus had no clear pattern of seasonal variation (Fig. 2) . Mean densities ± SD in unburned patches prior to the fire were 5.92 ± 2.06 individuals/ha (JB2), 1.47 ± 0.98 (FAL), and 2.04 ± 1.07 (JB3). After the fire, in unburned patches, densities were 0.50 ± 1.00 individuals/ha (JB1), 6.77 ± 1.64 (JB2), and 2.08 ± 1.88 (FAL), whereas in the burned patch (JB3), there were no captures of R. macrurus (Fig. 2) .
Apparent survival and recapture probability.-The bootstrap approach resulted in almost all simulated deviances greater than the deviance of the global models, and the variance inflation factors indicated underdispersion (ĉ < 1) rather than overdispersion (ĉ > 1) of data. Thus, we did not apply any adjustment to the global models (FAL = 0.50, JB1 = 0.57, JB2 = 0.51, JB3 = 0.86- Burnham and Anderson 2002) .
For all unburned patches, models with the effect of fire on the survival of G. agilis clearly showed a poor fit to the data (Supporting Information S1). For JB1 and JB2, top-ranked models suggested survival varying in time, with no effect of fire or season. For FAL, survival probabilities in the top-ranked models showed differences between seasons. Conversely, in the burned patch (JB3), the first 3 models, together representing a weight of evidence of 0.70, supported the effect of fire on survival (Table 1 ; Supporting Information S1).
The averaged survival probabilities for G. agilis populations in unburned patches showed considerable variation in time, with peaks in the dry seasons and without a clear distinction between before and after the fire event (Fig. 3) . For the burned patch (JB3), survival probabilities varied substantially in relation to the fire event: high estimates before the fire, abrupt reduction immediately after the event until 1 year after, with CIs from 0 to 1, and then estimates returned to high values (Fig. 3) . The estimated survival probabilities after fire presented an inflated estimated SE because CJS models are sensitive to very few captures (Amstrup et al. 2005) .
Averaged recapture probabilities ± SE ranged from 0.79 ± 0.06 to 0.81 ± 0.08 in JB1, 0.46 ± 0.23 to 0.75 ± 0.09 in JB2, 0.72 ± 0.05 to 0.81 ± 0.12 in FAL, and 0.69 ± 0.26 to 0.84 ± 0.12 in JB3 (Supporting Information S2).
Habitat structure.-We summarized 9 habitat structure variables into 4 PCs with eigenvalues higher than 1, and these accounted for 93.4% of total variance (Appendix II). The 1st one (41.3% of total variance) summarized the open-closed vegetation gradient with all variables positively related except the number of fallen logs. The 2nd component accounted for 22.0% of the variance and was positively related to all variables except the percentage of canopy cover and canopy connectivity. Before the fire event, all patches had a similar habitat structure, forming a group positively related with PC1 (Appendix II). In relation with PC1, soon after the fire (about 1 week), the just-burned patch (JB3 fire) segregated from the others, being negatively related with all habitat variables, except the number of fallen logs, in unburned patches. From the 1st year after the fire, the JB3 patch presented a quite similar habitat structure with other patches, mainly with FAL (Fig. 4) .
Discussion
This is the first study to evaluate fire effects on population dynamics of woodland arboreal-scansorial small mammals from the Neotropics. Both species (G. agilis and R. macrurus) were negatively affected by fire, with the marsupial G. agilis declining in abundance and survival immediately after fire, with slow recovery (at least more than 1 year). Other studies of small mammals, mostly of Australian species (e.g., Fox and McKay 1981; Fox 1982; Legge et al. 2008; Morris et al. 2011b) , found this pattern, described as "reduction and recovery" fire response (Whelan et al. 2002) . The negative fire response shown by both species can be associated with arboreal-scansorial habits, small body sizes, and probably also feeding habits of these omnivorous mammals. Some hypotheses can be formulated to explain the mechanism of fire effects on these species: 1) direct mortality by fire, 2) indirect mortality by predation, 3) changes in habitat structure that lead to the loss of food and shelter resources, or 4) emigration. The sudden collapse of G. agilis and R. macrurus populations immediately after fire suggests a direct fire effect (causing mortality or emigration), as observed for the arboreal rodent Oecomys concolor in burned fragments of Atlantic Forest (Figueiredo and Fernandez 2004) , and for the rodents Pseudomys nanus and Rattus tunneyi in an extensive fire in Australia (Legge et al. 2008) . However, it is a hard task to disentangle the relative effect of mortality and emigration on population decline without any tracking device (e.g., radiotracking), especially for high-intensity fires (Whelan et al. 2002) , and it was not the objective of the present study.
The distinction between population recovery based on surviving populations or recolonization processes has implications for the understanding of ongoing demographic ecological processes (Banks et al. 2011a ). In the present study, the sampled patches consisted of small, isolated portions of woodland immersed in a savanna matrix and we did not record any between-patch movements for any of the studied species. As described in several studies, populations in small patches are more prone to stochastic extinction (e.g., -Biplot of axes 1 and 2 from a principal component analysis (PCA) of habitat structure variables in the savanna woodland (cerradão) patches sampled before fire (white symbols), soon (< 15 days) after fire (black/white), 1 year after (grey), and more than 1 year after (black). Sites: JB3 = diamonds, JB1 = triangles, JB2 = squares, FAL = circles. Black arrows indicate the temporal dynamics of the burned patch (JB3). CANO = canopy cover; CONE = canopy connectivity; HERB = herbaceous obstruction; LITT = litter depth; LOGS = number of fallen logs; TDIM = diameter of the nearest tree; TDIS = distance to the nearest tree; THEG = height of the nearest tree; UNDE = understory obstruction. landscape (Andrén et al. 1997) . Moreover, the extension of the studied fire event, which burned almost 60% of the landscape including the JB3 patch and all neighboring formations (Fig. 1) , can intensify the negative short-term fire effects on small mammals. Such deleterious effects can occur through direct mortality (Southgate and Masters 1996; Sutherland and Dickman 1999; Lindenmayer et al. 2013) ; increasing exposure to predators, mainly raptors (Macedo 2002; Morris et al. 2011a; Lindenmayer et al. 2013) ; and the destruction of neighboring potential source areas. Our findings provide field evidence corroborating that large-scale disturbances can be particularly dangerous for small, isolated populations (Nunney and Campbell 1993) . Both studied species probably suffered a population crash and became extinct in the burned patch as observed for rodent species in Atlantic Forest fragments (Figueiredo and Fernandez 2004) .
In tropical savannas, as the Cerrado, fire tends to reduce the woody plant cover, decreasing plant density and richness through its impacts on survival, topkill, and growth (Moreira 2000; Hoffmann and Moreira 2002; Miranda et al. 2002; Hoffmann and Solbrig 2003) . This effect is potentially more intense in closed physiognomies such as cerradão, because the canopy and understory layers of this habitat type are generally composed of fire-sensitive species typical of forested formations (Moreira 2000; Hoffmann and Moreira 2002; Oliveira-Filho and Ratter 2002) . We suggest that the negative fire responses of small mammals from forested habitats in the Cerrado are stronger than those of animals from typical savanna habitats (i.e., cerrado s.s.), where the abundance of the dominant species returns to pre-fire patterns about 4-6 months after the burn (Vieira 1999; Vieira and Briani 2013) . These species, the terrestrial rodents Necromys lasiurus and Cerradomys scotti, are already adapted to cope with more open habitats and could potentially deal better with post-burn habitat changes. Indeed, our results showed that these species were captured in the burned cerradão patch only after the fire (Appendix I).
The differences in time of recolonization between G. agilis and R. macrurus that we observed could be a consequence of the distinct habitat used by both species. Although in lower densities, G. agilis also occupies areas of cerrado s.s. that compose the matrix surrounding the studied patches (Briani et al. 2004) . On the other hand, R. macrurus, which has a higher degree of arboreality in relation to G. agilis (Hannibal and Caceres 2010; Camargo et al. 2012) , occurs only in forested physiognomies in the Cerrado (Bonvicino et al. 2008) . Thus, the recolonization of the burned study patch of cerradão by this more strictly arboreal species would probably be more difficult, because recolonization would depend on the migration of individuals from the nearest gallery forest (1.3 km distant), which was also burned in the same fire event, or from the nearest unburned cerradão patch (2.9 km distant). Additionally, these individuals would have to cross the relatively inadequate savanna matrix composed of cerrado s.s. vegetation. Although care should be taken due to the overall low sample size for R. macrurus, the results supported the assumption that this arboreal species is also markedly and negatively affected by fire.
A growing number of studies report the sensitivity of arboreal and scansorial small mammals to fire in woodland habitats (e.g., Lawrence 1966; Converse et al. 2006; Sarà et al. 2006; Legge et al. 2008; Banks et al. 2011b; Jira et al. 2013) . The sensibility of woodland small mammals is apparently related to fire severity (Legge et al. 2008; Fontaine and Kennedy 2012; Lindenmayer et al. 2013 ). The high-severe and extensive fires in woodlands lead to deep changes in vertical structure of the habitat (Hoffmann and Moreira 2002; Legge et al. 2008; Banks et al. 2011b ), loss of shelters (Banks et al. 2011b) , or availability of food items (Vasconcelos et al. 2009; Diniz et al. 2011) . In the present study, we showed, for the first time, the effects of extensive fire on population dynamics of predominantly arboreal small mammals in woodland patches in the Neotropics. Although many studies about fire effects on woodland small mammals have been conducted in North America (e.g., Lawrence 1966; Lee and Tietje 2005; Converse et al. 2006; Tietje et al. 2008; Vamstad and Rotenberry 2010; Fontaine and Kennedy 2012) , these studies evaluated only the effects of low-to-moderate fire events. Compared to our results, the effect of this kind of fire on scansorial small mammals (mostly granivorous rodents, such as Peromyscus boylii, P. crinitus, P. truei, and Perognathus longimembris) were less intense and restricted to the reduction of juveniles per adult female soon after fire (Lee and Tietje 2005) or to a short-term reduction in abundance with a fast population recovery (less than a year after fire) of these rodent species (Tietje et al. 2008) . The quick recovery of these species was probably associated with increased availability of food (seeds) soon after fire (Tietje et al. 2008 ), allied to a higher resilience to fire disturbance of these vegetation formations (Fontaine and Kennedy 2012) . Thus, our results suggest that omnivorous arborealscansorial small mammals of neotropical savanna woodlands are more fire sensitive when compared to scansorial granivorous species of North American woodlands.
The mechanisms that drive the observed intense response and slow recovery of arboreal-scansorial small mammals in cerradão were probably a consequence of both the severity of the fire event and phytophysiognomic features of the cerradão. Fire is a major form of disturbance in woodlands, decreasing the richness and abundance of woody plants (Hoffmann and Moreira 2002; Bowman et al. 2009) , and is consequently a determinant for the low resilience of scansorial and arboreal small mammals. As a consequence of human activities and climate changes, fire events are predicted to become larger, more frequent, and more severe in tropical savannas (Driscoll et al. 2011; Cary et al. 2012) . Therefore, it is imperative to create new management strategies to protect forested physiognomies, especially cerradão, from fire. This phytophysiognomy is very fire sensitive, has a limited and scattered distribution in the landscape, and harbors small mammal communities distinct from those of more open Cerrado formations (Cáceres et al. 2010; Hannibal and Caceres 2010) .
Resumo
O fogo é uma das principais formas de perturbação nos ecossistemas terrestres, principalmente nas savanas tropicais. Nestes ecossistemas, os efeitos de grandes incêndios florestais são potencialmente intensos em animais menores e com baixa mobilidade, como os pequenos mamíferos. Investigamos os efeitos de uma queimada não prescrita de grande extensão (≈ 6,240 ha), que ocorreu em setembro de 2011, sobre as populações de duas espécies de pequenos mamíferos arbóreo-escansoriais (a cuíca, Gracilinanus agilis, e o rato-da-árvore, Rhipidomys macrurus) em quatro fragmentos naturais de cerradão (um queimado e três não queimados) no Cerrado. Para isso, descrevemos a variação das densidades populacionais destas espécies ao longo de quatro anos (2009 a 2013) e também estimamos as probabilidades da sobrevivência aparente e da recaptura baseadas em modelos Cormack-Jolly-Seber para G. agilis. Em relação ao fogo, ambas as espécies apresentaram respostas intensas e negativas, caracterizadas por um colapso repentino com aparente extinção local de suas populações e recuperação lenta (pelo menos mais de um ano) no fragmento queimado. Estas respostas diretas e indiretas ao fogo provavelmente foram decorrentes da severidade e extensão da queimada, que também causou mudanças na estrutura vertical da vegetação. Desta forma, pequenos mamíferos arbóreo-escansoriais, característicos de formações florestais no Cerrado, não foram tão resilientes à perturbação do fogo quanto espécies típicas de formações savânicas ou mesmo espécies de florestas secas de regiões temperadas. Como consequência do aumento da intensidade das atividades humanas e mudanças climáticas, as queimadas tenderão a se tornar mais extensas e frequentes. Desta forma, é imperativo que se criem novas estratégias de proteção das formações florestais do Cerrado à ocorrência de queimadas. especialmente o cerradão, que apresenta uma alta sensibilidade à este distúrbio e ocorre de forma naturalmente fragmentada na paisagem.
Results of principal components analysis of habitat structure variables in the savanna woodland (cerradão) patches sampled before the fire, soon (< 15 days) after the fire, 1 year after, and 2 years after. Only those components with eigenvalues greater than 1 are listed. CANO = canopy cover; CONE = canopy connectivity; HERB = herbaceous obstruction; LITT = litter depth; LOGS = number of fallen logs; TDIM = diameter of the nearest tree; TDIS = distance to the nearest tree; THEG = height of the nearest tree; UNDE = understory obstruction. 
